We study the electrode characteristics of Li//polyaniline cells by using polyaniline films as positive electrodes. Two mechanisms for charging in a Li//polyaniline-Li salt cell are suggested; charge separation mechanism and intercalation mechanism. In the charge separation mechanism, the electrical conductivity, the peak area of N ϩ site in X-ray photoelectron spectroscopy ͑XPS͒ data, and the intensity of the electron spin resonance ͑ESR͒ signal increase as the concentration of unpaired electrons increases. We compare XPS and ESR signals, and dc conductivity for the polyaniline before and after charging. From the results of XPS experiments, the polyaniline samples after electrochemical treatment have more N ϩ state or more polarons, resulting in higher conductivity and larger ESR signal. The Li ϩ and counterions exist deep inside the Pani-LiPF 6 and Pani-LiBF 4 samples by charging process. Based on these results, we propose the charge separation mechanism in Li//polyaniline cells by using the polyaniline films as the positive electrodes. The conducting polymer is unique in that it has -conjugated electrons spread along its backbone and has delocalized electron structure after doping. Conducting and semiconducting polymers have received immense attention since the discovery of high conductivity in doped polyacetylene.
The conducting polymer is unique in that it has -conjugated electrons spread along its backbone and has delocalized electron structure after doping. Conducting and semiconducting polymers have received immense attention since the discovery of high conductivity in doped polyacetylene. 1 Polyacetylene, polyaniline ͑Pani͒, polythiophene ͑Pth͒, and polypyrrole ͑Ppy͒ are representative conducting polymers. Among those, Pani has attracted attention because of its environmental stability, controllable electrical conductivity, and easy processability. 2 Lithium secondary batteries are one of the most important applications of electrically conducting polymers. Pani, Ppy, and Pth are particularly expected to be active electrode materials for secondary batteries because they are stable in air and have good electrochemical properties. LiBF 4 , and Zn(ClO 4 ) 2, , and investigated the structure of those materials by using various spectroscopic techniques. Recently, we reported lithium salt-doped Pani samples prepared by immersion of the emeraldine base form of Pani film into electrolyte solutions containing lithium salt. 5 The electrical conductivity, XPS, and ESR were investigated with respect to the doping level. The electrochemical characteristics of Li//Pani doped with lithium salt were also examined to study the electrochemical reaction during repeated charge/discharge processes. 6 From these results, we know that Pani doped with lithium salt is easily oxidized and reduced by electrochemical potential in electrolyte solution. In addition, Pani doped with lithium salt has a larger discharge capacity than that of Pani doped with protonic acid; it is adequate to use as the electrode material responsible for redox reaction in power source devices. However, Pani has been rarely studied for (i) use as a positive electrode material in secondary batteries and for (ii) electrochemical reaction in a polymer electrode, because doping with salt in Pani had been relatively difficult compared to doping in Ppy.
In this work, we minutely study the electrochemical reaction in polymer electrodes. During charging, the redox state of Pani films prepared separately by doping with a lithium salt solution is changed. We propose a reaction mechanism of the electrode polymer and then prove this assumption with various methods.
Experimental
Polyaniline is initially obtained as a powder through the oxidative polymerization of aniline, using ammonium peroxydisulfate in acid aqueous solution ͑1 M HCl͒. This conventional synthesis yields the green polymer powder ͓emeraldine salt ͑ES͔͒ directly, which was then deprotonated with 1 M NaOH, obtaining the insulating dark blue polymer powder ͓emeraldine base ͑EB͔͒. EB powder was dissolved in N-methyl-2-pyrrolidone ͑NMP͒ solvent, and the weight ratio of EB was 3% with respect to the solvent. The solution was poured on a slide glass and dried at 80°C in a convection oven to prepare EB freestanding film. For the ionic salt doping of EB film, the doping solution of the mixture of ethylene carbonate ͑EC͒ and dimethyl carbonate ͑DMC, battery grade, Mitsubishi Chemical Co.͒ as solvents, and LiPF 6 and LiBF 4 ͑Aldrich͒ as lithium salt were used. The EB powder was immersed in 1 M lithium salt solution in EC/DMC ͑1:1 v/v͒ for 72 h in a dry room. The doped film was washed with ethyl ether and dried for 15 h at 60°C under vacuum.
For the electrochemical charging process, the electrochemical cell was composed with Pani films doped with Li salt as cathode, lithium metal as anode, the glass filter as separator, and EC:DMC:LiPF 6 or LiBF 4 ͑1:1:1 M͒ as electrolyte solution. The lithium, separator, electrolyte solution, and doped Pani film were sequentially accumulated like sandwich by using a test cell holder in a dry box. The cells were tested by using a galvanostatic charge/ discharge cycler in the voltage range from 2.0 to 4.0 V with a constant current density of 0.05 mA/cm 2 . For measuring dc conductivity, a four-probe technique to eliminate contact resistance was used. The X-ray photoelectron spectroscopy ͑XPS͒ data were measured by using VG ESCALAB MkII spectrometer ͑Al K␣ 1486.6 eV photons͒. A neutral peak of carbon 1s ͑C 1s͒ at 284.6 eV was used as a reference to correct the shift by surface charging effects in XPS measurement. Brucker ESP300 spectrometer ͑X-band͒ was used to obtain the electron spin resonance ͑ESR͒ spectra. Samples were put in an ESR tube ͑Wilmad 707͒, and pumped with a diffusion vaccum pump (Ͻ10 Ϫ5 Torr) in order to eliminate the moisture and oxygen effects.
Results and Discussion
There are two mechanisms for the charge process in a Li// polyaniline-Li salt cell as shown in Fig. 1a and b. The discharging reaction can be occurred in the opposite direction of charging reaction mechanism. First, there is a ''charge separation mechanism'' ͑Fig. 1a͒ depending on the Li salt concentration in the electrolyte, where the concentration of Li ϩ and PF 6 Ϫ in the electrolyte decreases z E-mail: ryuks@etri.re.kr ͑like A site͒ as the charging proceeds. In this process, the Li salt concentration in the electrolyte becomes an important factor. Second, there is an ''intercalation mechanism'' ͑Fig. 1b͒ depending on the doping level in the electrode, which does not depend on Li salt concentration in the electrolyte. The number of sites doped with a Li ϩ ion of the electrode is an important factor in this reaction.
In the charge separation mechanism, unpaired electrons ͑like B site͒ are generated in amine nitrogen in Fig. 1a . The concentration of unpaired electrons increases and the electrical conductivity, the peak area of positive nitrogen (N ϩ ) site in XPS, and the intensity of the ESR signal, increases. For the intercalation mechanism, however, charged and paired electrons ͑like C site͒ which are unstable are generated, and the nitrogen doped with Li ϩ ͑like D site͒ is decreased after charging. Thus, the concentration of unpaired electrons decreases and the electrical conductivity, the peak area of N ϩ , and the intensity of the ESR signal decrease. We compare the results of the XPS, ESR, and dc conductivity experiments for the Pani before and after charging.
Figures 2a-d presents the nitrogen 1s ͑N 1s͒ XPS core level spectra of the Pani doped by LiPF 6 or LiBF 4 salts before and after electrochemical treatment at room temperature. The major peak line is decomposed into three peak lines. The peaks corresponding to imine nitrogen and amine nitrogen are centered at 398.1 and 399.3 eV, respectively, while the peak of positive nitrogen (N ϩ ) is centered at 401.0 eV. After doping with Li salt, the positive nitrogen peak of these samples is detected. The ratio of these peaks areas of the Pani-Li salts before electrochemical treatment are ϳ33.5% ͑in the case of Pani-LiPF 6 ͒ and 15.6% ͑in the case of Pani-LiBF 4 ͒, which implies that the systems are doped with doping agent and the charge nitrogen site is made. By electrochemical treatment, the area ratio of positive nitrogen peak for these samples increases to ϳ43.1% ͑in case of Pani-LiPF 6 ͒ and 37.1% ͑in case of Pani-LiBF 4 ͒, respectively. Therefore, it means that the Pani samples doped with Li salt after electrochemical treatment have more N ϩ state or more polarons and are at the highest conducting state.
The intensity of the ESR signal, which is generated from unpaired electrons, for Pani-LiPF 6 and Pani-LiBF 4 samples increases after charging, as shown in Fig. 3 . From the above results, the charge separation mechanism is confirmed in the present cell. Figure  4 shows the temperature dependence of the magnetic susceptibility of Pani-LiPF 6 and Pani-LiBF 4 samples before and after charging, obtained from ESR experiments. The magnetic susceptibility is described as follows 6 and Pani-LiBF 4 after charging is 0.97 and 0.56 states/eV 2 ring, respectively. These results imply that the Pani samples doped with Li salt after electrochemical treatment are also at a higher conducting state. to 2.4 ϫ 10 Ϫ4 S/cm by charging. The Pani-LiPF 6 sample after charging has the higher conductivity ͑0.16 S/cm͒, and the PaniLiPF 6 sample has higher dc than that of Pani-LiBF 4 sample at room temperature. A quasi-one-dimensional ͑1-D͒ variable range hopping ͑VRH͒ model provides the best fitting for dc (T) of Li salt doped Pani samples before and after charging. For this model
where
is the density of states at the Fermi level, and L ʈ and L Ќ are the localization length in a direction parallel and perpendicular to the polymer chain, respectively. 10, 11 The slope, T 0 , implies an effective energy separation between localized states. The system becomes more highly conducting as the value of the T 0 decreases. The T 0 of the Pani-LiPF 6 sample before charging is ϳ9.6 ϫ 10 3 K and that of the Pani-LiPF 6 sample after charging is ϳ7.3 ϫ 10 3 K. The T 0 of the Pani-LiBF 4 sample before charging is ϳ4.3 ϫ 10 4 K and that of the Pani-LiBF 4 sample after charging is 3.8 ϫ 10 4 K. Pani sample after charging is in a more highly conducting state compared with the Pani sample before charging, which is in accordance with the results of XPS and ESR experiments. Figure 6 shows the aging effect of dc ͑room temperature͒ for Pani-LiPF 6 and Pani-LiBF 4 samples before and after charging as a function of time. For Pani-LiPF 6 samples, the dc ͑room temperature͒ weakly decreases before and after charging. It means that they are stable in air. The dc ͑room temperature͒ of Pani-LiBF 4 sample before charging dramatically decreases until ϳ500 h and saturates at ϳ5 ϫ 10 Ϫ8 S/cm. The dc ͑room temperature͒ of Pani-LiBF 4 sample after charging continuously decreases. In the case of PaniLiBF 4 , the dc ͑room temperature͒ of Pani-LiBF 4 sample after charging is more stable than that of Pani-LiBF 4 sample before charging. Figure 7 compares the XPS peaks of the counter ions ͑F 1s͒ of Pani-LiPF 6 and Pani-LiBF 4 samples before and after charging as a function of sputtering time. The surface of the samples was etched by the sputtering of Ar ion beam with the 3 keV energy for 10 min. Figure 8 compares the normalized area of F 1s core level spectra of Pani-LiPF 6 and Pani-LiBF 4 before and after charging as a function of sputtering time. The normalized area of the F 1s XPS peak of the Pani-LiPF 6 and Pani-LiBF 4 samples before charging is rapidly reduced after 2-3 min and saturate as the sputtering time increases. The results indicate that the Li ϩ and counterions abruptly decrease toward the inside of the Pani-LiPF 6 and Pani-LiBF 4 samples. Therefore, a relatively large amount of dopants or counterions exist on the surface of the Pani-LiPF 6 and Pani-LiBF 4 samples before charging, and the distribution of Li ϩ and counterions is not uniform through the samples. However, the normalized area of the F 1s XPS peak of the Pani-LiPF 6 and Pani-LiBF 4 samples after charging gradually decreases and is saturated as the sputtering time increases. The results imply that the Li ϩ and counterions exist deep inside the PaniLiPF 6 and Pani-LiBF 4 samples through charging. From these results, the charge separation mechanism can apply to the Li// polyaniline cells by using the Pani films as the positive electrodes.
Conclusion
We study physical and chemical properties of Li salt-doped polyaniline films as the positive electrodes of Li//polyaniline cells. In the charge separation mechanism, the concentration of unpaired electrons increases and the electrical conductivity, the peak area of N ϩ site in XPS, and the intensity of the ESR peak also increases. We compare the results of XPS, ESR, and dc conductivity experiments for the Pani before and after charging. From the XPS, we observe that the polyaniline samples doped with Li salt after electrochemical treatment have more N ϩ states or more polarons. The intensity of the ESR signal, which is generated by unpaired electrons, for PaniLiPF 6 and Pani-LiBF 4 samples increases after charging. The electrical conductivity ( dc ) of Pani-LiPF 6 and Pani-LiBF 4 systems at room temperature increases due to electrochemical charging. From the XPS sputtering experiments of the counterions ͑F 1s͒ before and after charging, we observe that the Li ϩ and counterions exist deep inside the Pani-LiPF 6 and Pani-LiBF 4 samples by charging. From these results, the charge separation mechanism can apply to the polyaniline films as the positive electrodes of Li//polyaniline.
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